The energies of the J = 2 ortho levels of the v = 0 to 6 Rydberg np singlet series of molecular hydrogen with absolute intensities of the R(1) and P(3) absorption lines were measured by a high-resolution synchrotron radiation experiment and calculated through a full ab initio multi-channel quantum defect approach.
I. INTRODUCTION
This paper continues a series within the framework of a joint experimental and theoretical systematic study of the absorption spectrum of molecular hydrogen. [1] [2] [3] [4] [5] In the first papers [1] [2] [3] we investigated the manifold of excited singlet ungerade J levels corresponding to J ≥ 1 and total parity -(-1) J . These levels have pure 1 − u electronic symmetry and are not subject to rotational-electronic non-adiabatic couplings (to a very good approximation). We presented then the J = 0 levels, 4 which have pure 1 + u electronic symmetry; they are not influenced by rotational-electronic non-adiabatic couplings either. In the last paper we investigated the J = 1 para levels. They have either 1 + u or 1 + u electronic symmetry in the Born-Oppenheimer approximation and are slightly mixed by rotational interaction. Here we are concerned with the J = 2 ortho levels. They also have either 1 + u or 1 + u electronic symmetry in the Born-Oppenheimer approximation and the rotational interaction, increasing as the product J(J + 1), is more efficient. They can be populated by the R(1) absorption lines which are, with the Q(1) lines (with 1 − u J = 1 upper levels), the most intensive lines of the spectrum.
These levels had been studied experimentally from v = 0 to v = 3 in a pioneering work already forty years ago. 6 The measured energies, obtained on a photographic plate, had an uncertainty of 0.3 cm −1 only in most cases. The line intensities, however, have not been measured. Few years later, the photoionization spectrum of H 2 , at low temperature, was recorded and the R(0) lines were tabulated with their intensities for v = 0 to 6; the R(1) lines, however, were assigned on the spectrum figures only. 7 In that work, the uncertainty of the energy measurement was about 4.5 cm −1 . Later on, the autoionization of the R(1) lines was studied by a double resonance experiment to investigate the vibrational branching ratios of the fragments of the v = 2 series 8 and the rotational distribution of the v = 1 series. 9 The assignments of several lines were then revisited.
Theoretically, the levels of molecular hydrogen have been used extensively as bench marks for the improvement of the various theoretical approaches, but except for the first multi-channel quantum defect (MQDT) attempt 6 there are no systematic calculations of the level energies and there are nearly no calculations of the line intensities before our own work. [1] [2] [3] [4] [5] Since the hydrogen nuclei are only 1836 times heavier than the electrons and the classical frequency of electronic motion becomes progressively slower as the energy increases along a Rydberg series, the electronic motion may occur on the same time scale as vibration or rotation and energy transfer between the electron and the nuclei is possible. In order to reproduce theoretically these transfers, quantum chemistry first describes the energies of the electronic states at fixed positions of the nuclei, then evaluates the adiabatic corrections which are due to the diagonal terms of the Hamiltonian part depending on the velocity of the nuclei, and then calculates the non-diagonal terms. For the H 2 molecule, which is the simplest one and the most amenable to ab initio calculations, these coupling functions have been calculated for the 10 first electronic states: the 6 first 1 + u states and the 4 first 1 u states. 10 The energies of the rovibronic levels of these states have been calculated provided the levels are not predissociated. The np Rydberg states with n > 4 cannot be calculated with high precision by such a way. The MQDT approach is adapted to this task; in this approach, following Fano, 11 the molecular wave function is not partitioned any longer into electronic, vibrational, and rotational parts. The electron movement is described differently as a function of its distance from the core. At short distance the electron is fast, much faster than the nuclei, and the Born-Oppenheimer approximation can be considered as valid and the molecular wave function is simply expressed in the molecular frame; far from the core, the electron experiences the electric field of the ion and the wave function is a Coulombian solution in the laboratory frame. A frame transformation is then needed with a condition of continuity. The most striking advantage of MQDT is that it entirely eliminates the usual laborious steps of evaluating the interactions between a large number of neighboring and distant electronic states in terms of offdiagonal rovibronic matrix elements derived from the Hamiltonian. Instead, the various terms of the Hamiltonian coupling the Rydberg electron to the core are replaced by their net effect on its radial function outside the core. For a bound electron this effect is embodied in the quantum defect μ. By focusing the attention on the radial function outside the core, MQDT replaces the concept of individual interacting molecular states by that of interacting channels, each channel being defined by the orbital quantum number l of the emerging electron and by a particular rovibronic state of the residual core. [12] [13] [14] [15] [16] [17] [18] [19] [20] We performed a MQDT calculation similar to those of the above references, but the quantum defects, which are the only data needed, were extracted from highly accurate ab initio clamped-nuclei (Born-Oppenheimer) potential energy curves; 21, 22 these quantum defect functions were previously presented in Refs. 1 and 4. The calculations are then fully ab initio. The MQDT approach can be used to calculate also the line intensities. 19 Even a small non-adiabatic mixing, quite ineffective on the energies of the levels, influences visibly the intensities of the lines, [1] [2] [3] so that the line intensity calculations provide a very sensitive test and proof of the non-adiabatic couplings.
Together with these ab initio calculations, we present here not only the measurements of the level energies (with an uncertainty of 1 cm −1 ), but also of the line intensities (in absolute units) which constitute an important tool to interpret the spectra.
Due to technical difficulties in the calculations of the predissociated levels in this simple approach, we focused this study on the Rydberg levels with n > 7 which are practically unaffected by the predissociation; their dissociation yields are nearly 0% and thus below our experimental sensitivity.
II. EXPERIMENT
The experimental setup has been described in detail in previous publications. [23] [24] [25] [26] The intensities of the absorption spectrum, recorded at high spectral resolution, have been calibrated directly, based on the known gas pressure and absorption path length. Simultaneously, the photoionization and photodissociation excitation spectra were recorded and calibrated. The vacuum ultraviolet photons coming from the undulator beamline U125/2-10m-NIM of BESSY II were dispersed by a 10 m-normal-incidence monochromator equipped with a 4800-lines/mm grating giving a spectral resolution of 0.0010 nm in first order 27 (this value represents the convolution of the apparatus function with the Doppler width at room temperature). The uncertainty of the energies of the measured spectra has been improved significantly since the previous publications [23] [24] [25] [26] and is now about ±1.0 cm −1 .
III. THEORETICAL APPROACH

A. One-level energies
The theoretical multichannel quantum defect approach used here has been discussed in numerous previous publications 12, 17, 19, 20 and in particular in our preceding papers.
1-5 Briefly, we use quantum defect theory in a simple form by disregarding channel interactions between singly excited and doubly (core) excited Rydberg channels. This means that we assume that the manifold of Correlations between the excited electron and the ion core electron are included in an effective manner in the quantum defects, because we extract the latter from highly accurate theoretical clamped-nuclei (Born-Oppenheimer) potential energy curves 21, 22 in which electron correlation has been fully accounted for.
The non-adiabatic term −( m 8μ )∇ 2 1 (finite mass correction for the outer electron) yields a mass-dependent and Rdependent correction to the clamped-nuclei quantum defect
which is included; it plays a role primarily at large internuclear distances.
Specifically, we derive R-and energy-dependent quantum defects from the potential energy curves, calculated by Wolniewicz and his group, 21, 22 by using the familiar Rydberg equation. The quantum defects for 1 + u symmetry have been extracted from the curves corresponding to n = 3, 4, and 5 (see Ref. 4 for the details) and the quantum defects μ npπ for the 1 u symmetry were extracted from the curves corresponding to n = 2, 3, and 4 (see Ref. 1 for the details). Due to their dependence on the principal quantum number n, these quantum defect functions depend on the energy as well as on the internuclear distance. Following the MQDT implemented in Refs. 1 and 4 they were reduced to the form of an energy-and R-dependent polynomial. These E-dependent quantum defects are used to calculate the E-dependent reaction matrix k(E).
Standard MQDT procedures 17 match the short-range electron wave function implied by the reaction matrix k(E) for a given total energy to phase-shifted electron Coulomb waves. Whereas at short internuclear distance, the molecule is well described by Hund's case b, i.e., in the molecular frame, at large distance the electron in the field of the ion, corresponding to Hund's case d described in the laboratory frame. The frame transformation has to be taken into account and the reaction matrix has to be written in the Hund's case d basis set 5, 12 for a given N (for the singlet levels, J = N), 
where K = SC −1 and β(E) is an asymptotic phase vector whose components β v+ (E) take different values depending on whether a given v
For closed channels β v + N + (E) = πν v + N + , where ν v + N + is the effective principal quantum number corresponding to that closed channel, related to the energy through the Rydberg rule,
To determine the energies of the bound levels, we restricted the basis set to closed channels only.
B. Line intensities
As described previously, 4 an analogous procedure was applied to the clamped-nuclei transition dipole moment functions d npσ (R) and d npπ (R) from Refs. 22 and 28 to obtain transition moment functions d λ (ε, R) and E-dependent transition matrix elements d (σ,q,N) v + N + vN involving the vibrational ground state levels.
The effective transition moment from the ground state to a bound λ Rydberg level n is given by the following superposition of channel amplitudes:
and
where B v + N + are the channel mixing coefficients obtained by solving Eq. (3) (on the Hund's coupling case d basis set). N is the overall normalization factor of the bound state wave function; see, e.g., Ref. 1 for detailed discussion and expressions.
The rotational couplings mix the σ and π states modifying the intensities of the R and P lines to the n upper level of total angular momentum quantum number J = N according to
for a R(N -1) line, [29] [30] [31] and
for a P(N + 1) line. Here α is the fine-structure constant. The transition energy is in joules and the transition moment in meters. The ratios in (. . . ) and in [. . . ] correspond, respectively, to the transition energy and to the dipole moment in atomic units.
C. Numerical details
The vibration-rotation wave functions χ v + N + were evaluated in the adiabatic approximation using the ion ground state potential energy curve of Wind 32 and the adiabatic correction terms of Bishop and Wetmore. 33 The corresponding ion levels E v + N + are those of Wolniewicz and Orlikowski, 34 calculated including the non-adiabatic and relativistic interactions in addition to the adiabatic corrections. The H 2 ground state vibrational wave function χ v N (R) was evaluated using the potential energy curve of Wolniewicz 35 (with adiabatic corrections). The ground state energy levels were evaluated from the best determination of the ionization energy X
and the dissociation energy of the ion. 36 The calculations were performed for various values of the maximum internuclear distance from 7 to 40 a.u. and the vibrational basis set was varied from 20 × 2 to 50 × 2. For the levels with n > 7, the calculated energies remained unaffected to within ∼0.1 cm −1 or less and the line intensities to within 5%. For the lower Rydberg levels, the coupling to the dissociation continuum may be important. In the calculation, the continua are discretized and, depending on the position of the quasi continuum levels, the resonances of Rydberg levels may be shifted. This effect is important for the dissociated levels (mainly the 3pπ 1 + u and 4pσ 1 + u levels) and for the levels that are coupled to them. Therefore, we restricted here our investigation to the n > 7 levels. The full treatment will be the aim of another study.
IV. RESULTS
The energies of the N = 2 ortho singlet np levels of H 2 were calculated from 120 000 to 134 000 cm −1 with the intensities of the R(1) and P(3) absorption lines from the ground state with v = 0 to these levels. The assignments of the calculated resonances are those of the dominant part of the complex wave function. In the case of mega-resonances, the same component may be dominant for the whole series of resonances: in such a case, the assignment was given to the resonance where it appears with a maximum component; the other resonances receive then the name of the second important component and so on. The last criteria used were that all the names of the levels involved in the mixing have to appear. We restricted our study to the np levels with n > 7 for which the dissociation continua do not cause instabilities in the calculations of the energies. For the intensities, we chose conditions where the quasi discrete states of the continuum are not in quasi coincidence with the level under consideration.
The absorption spectrum together with the ionization and dissociation excitation spectra were recorded from 81 to 74 nm with a spectral resolution of 0.001 nm and a precision of the wavelength measurement of about 0.0006 nm (or 1 cm −1 in energy). These spectra allow absolute intensity measurements and therefore have absolute cross section scales. All the lines corresponding to the np Rydberg states with v > 0 are seen in the ionization excitation spectrum but neither in the fluorescence nor in the dissociation channels; their ionization yield was thus considered as 1. The measurements of the line positions and the line intensities were performed using the ionization excitation spectra because this spectrum is far less noisy than the absorption one and enables further differentiation: some lines blended in the absorption spectrum may appear isolated in the ionization excitation spectrum.
The complete lists of levels, including the energies (calculated and observed) and the R and P line intensities (calculated and observed), are available separately via the supplementary material.
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A. Level energies
The energies of the N = 2 ortho singlet np levels of H 2 converging to the first four vibrational levels of H 2 + have been measured earlier with very high precision (0.3 cm −1 ) by Herzberg and Jungen. 6 These measurements are used as reference to test the quality of the calculations. The histogram of the discrepancies is shown in Figure 1(a) . It can be fitted by a Gaussian centered at 0.07 cm −1 (±0.01) with a width of 0.53 cm −1 (±0.02). The precision of the calculations does not deteriorate due to the increase of the Coriolis coupling. 5 Obviously for several lines the deviations are far outside the Gaussian. The following discussion of the discrepancies, based on the new energy calculations, will lead to a number of reassignments of the former line energies. 6 The results are gathered in Table I for the v = 0 to v = 3 series and in Table II Table I is too weak to be observed.) r In the v = 2 series, there is disagreement for two R (1) lines: the 9pπ and the 16p1 ones. The calculated intensities of the 9pπ and 16p1 R(1) v = 2 lines are nearly zero and so the lines cannot be observed. It is similar for the 16p1 R(1) v = 2 line, The formerly measured 6 energy of the first one agrees with the calculated value for the P(1) 10pσ line The formerly measured 6 energy of the second one agrees with that of the 16pσ P(1) line whose calculated intensity is too low to be observed. O'Halloran et al. 8 reassigned this line at 128178.0 cm −1 , increasing the disagreement. Such a value has to correspond to a higher rotational level (J = 4). They also proposed to assign the 128304.9 cm r In the v = 3 series, numerous lines are found in disagreement. In this spectral range, the absorption spectrum is clearly denser and the Rydberg series is much more perturbed. The R(1) 8pσ v = 3 line was observed at 128791.0 cm -1 and calculated as a mega resonance: the 8pσ N = 2 level is embedded in the quasi continuum of the np3 v = 2 series, enhancing the line intensities of the nearby np3 (from n = 31 to 41) R(1) lines (see Figure 2) . In Ref. 6 the 9pπ line was assigned to the measured value of 129281.00 cm −1 . This position agrees, however, with the calculated one of the P(1) 4pσ v = 8 line. The 9pπ calculated position corresponds to a very broad structure visible also in the spectrum of Dehmer and Chupka. 7 The R(1) 11p3 line is quoted at 129822.20 cm −1 in Ref. 6 . At this energy, no structure appears neither in Dehmer and Chupka's spectrum neither in ours; it may be a typing error: Its energy should read 129842.20 cm −1 . The R(1) 14p1 is calculated to be in superposition with the R(0) 5pπ v = 5 line. The formerly measured 6 energy of 129969.20 cm −1 corresponds to the calculated value of the P(1) 14pσ line. The R(1) 21p1 noted in coincidence with the Q(1) 21pπ line is calculated to be in coincidence with the R(0) 7pπ v = 4 line. The measured 22p1 R(1) position in Ref. 6 corresponds to the P(1) 22pσ line. The R(1) 16p3 line proposed as superposed to the Q(1) 24 pπ line is in fact too weak to be detected. The group of the 27p1, 17p3, and 28p1 lines receives an assignment shifted with respect to the previous 6 one: the 27p1 R(1) line calculated at 130392.49 cm −1 , at a position formerly assigned 6 to the 17p3 R(1) line, is found to be superposed to the R(0) 22p0 line. The 17p3 R(1) line calculated at 130400.36 cm −1 replaces the former Table I. r For the v = 4 series, a full MQDT treatment has been published on a very small part of the spectrum including the 8pπ mega-resonance and the 9pσ resonance. 18 These calculations agree within a few tenths of cm r For the v = 0 to 6 series, the calculated level energies were compared with the measured values obtained from our own spectra. The results of such a comparison made on 190 lines are displayed in a histogram in Figure 1(b) . The distribution is somewhat broader than the distribution in Figure 1 since the precision obtained from a photographic plate is higher than that obtained from a scanning monochromator. The fitted Gaussian is peaked at −0.13 cm −1 showing that the calculations are pretty accurate, its width of 0.64 ± 0.03 cm −1 is nearly the same as in the case of Figure 1 . The main difference is on the wings of the distribution, i.e., more lines present a shift of 1 to 2 cm −1 , all of them belonging to the higher vibrational series (v = 4 to 6) for which the density of the lines is extremely high; the mixings between the series are very strong. The precision of the calculations may be also a little smaller due to our approximation; at large internuclear distances, the configuration interactions may not be negligible any more. More than 140 calculated levels belonging to the v = 4 to 6 np series are listed for the first time, 65 of them were measured for the first time, even though a great number of them were visible in Figure 4 of Ref. 7 . All these values are gathered in Table II .
B. Line intensities
We have calculated Einstein A coefficients corresponding to each observed line using the relation
with N = N + 1 for a R(N ) line and N = N -1 for a P(N ) line. Here σ is the measured absorption cross section which is integrated over the profile of a given line, and λ is the wavelength. n N is the fraction of molecules in the rotational state N = 1 for the R(1) line or N = 3 for the P(3) line, (at room temperature n 1 = 0.657 and n 3 = 0.092). The fraction (2N + 1)/(2N + 1) is a degeneracy ratio arising from the choice of the emission A coefficient to describe an absorption process.
We measured the Einstein A coefficients for nearly 200 R(1) and P(3) lines belonging to the series v = 0 to 6 with n > 7 using Gaussian fits. For these Rydberg series, Hund's coupling case d is expected. In fact, we observed globally that the np1 levels are mainly excited through the R(1) lines, whereas the np3 levels are mainly excited through the P(3) lines. This propensity rule exhibits many exceptions, as they are strongly perturbed (by each other and by levels of other series).
The uncertainties of the intensity measurements were estimated taking into account the statistics (3 standard deviations) and the uncertainty on the absolute calibration of the spectra (10%). The uncertainties of the intensity calculations may be estimated from the variations obtained by varying the conditions (number of channels, maximum internuclear distance, conditions of integration of the vibrational wave functions. . . ). We cannot expect to get an uncertainty lower than 10%. Under these conditions, the agreement between the calculated and the measured intensity values is really good. The results are displayed in Figures 3-6 with the adiabatic calculated values of the R(1) np1 lines extrapolated from the adiabatic values of the 5pσ R(1) v − v = 0 lines scaled by the Rydberg 1/n 3 law. The general tendency is fairly reproduced but the departures from these values may also be huge (multiplied by ∼60 for the ∼50p1 v = 2, for instance).
The intensities of the v = 0 np1 R(1) series show three local strong perturbations, the first one between n = 10 and 14 by the 6pσ and 6pπ v = 1 levels, the second one for n = 33 to 35 by the 7pσ v = 1 level and the last one, not shown in Figure 3 , for n = 65 to 75 by the 4pσ v = 4 level (inner well). In Hund's coupling case d, the A values of the np1 P(3) lines vanish; the perturbations can mix the np1 and np3 series and enhance the intensities of the P(3) lines. This is what we can see for the n = 10 to 14 and 65 to 75 levels but not for the n = 33 to 35 ones, since the 7pσ level is almost 7p1 already. The 20p1 level is perturbed by the 4pπ v = 3 level and loses completely its np1 character: it radiates mainly through the P line. These local perturbations by low Rydberg states have not been taken into account in the early QDT calculations 6 and that explains the reassignment of the two lines involved.
The v = 1 np1 series shows again a perturbation for the low values of n, the 10p1 and 9p3 levels are located quite close to each other and interact strongly (see Figure 3) . The 12p1 level interacts with the nearby 3pπ v = 7 and 6pπ v = 2 levels and loses its emission probability to them. On the contrary, the 13p1 level shares its emission probability with the 5pσ v = 3 one and both the R(1) and P(3) lines are greatly enhanced. The 22p1 level is located near the 7pσ v = 2 one and the mixing enhances the intensity of its R(1) line, as in the case of the v = 0 series. The 31p1 level is perturbed by the 5pπ v = 3 one and loses its np1 character and radiates through the P(3) line mainly.
The v = 2 np1 series (see Figure 4) is perturbed for n = 10 by the 5pσ v = 4 level, for n = 19 by the 4pσ v = 7 (inner-well) level, and for n = 28 to 30 by the 7pπ v = 3 level inducing the enhancement of the P line. The np3 series is perturbed for n = 10 by the 6pπ v = 3 level enhancing the P line, for n = 13 by the 5pπ v = 4 and for n = 35-45 by the 8p1 v = 3 level resulting in a megaresonance (see Figure 2) .
For the v = 3 series, there are too many terms perturbed by low Rydberg members to be described in detail. Figure 5 illustrates the chaotic behavior of the intensities. That explains the extreme difficulties formerly encountered in the process of assigning the observed lines: There are in fact no regularities neither in the line intensities nor in the positions. Precise nonadiabatic calculations are essential for reliable assignments of this series.
For the v = 4 series, the situation is quite similar to that of the v = 3 one with a very strong perturbation for the 23p3 level which lies by less than 10 cm −1 higher than the 6pσ v = 6 level ( Figure 5 ).
For the v = 5 series, the first members are perturbed as for the other series ( Figure 6 ); for the higher values, we can see a mega-resonance at the 25-30p1 levels due to the mixing with the 8p1 v = 6 level. A second mega-resonance appears at the 23-27p3 levels due to the 5pσ v = 10 resonance. At such an energy, located above the H(1s) + H(n = 3) threshold, the 5pσ state presents a shape resonance (the v = 10 level) due to a potential barrier located at 5.7a 0 . This shape resonance appears in the MQDT calculations as a discrete state in interaction with the Rydberg np3 v = 5 series, spreading the absorption intensity on several Rydberg lines. A third megaresonance appears at the 40-50 p3 levels due to the 6pπ v = 7 level. In this case, the energy gap between two consecutive lines is smaller than the apparatus function and we see only one broad structure in the spectrum (see Figure 7) . The first one around n = 26 is due to the proximity of the 5pσ v = 10 resonance; the adiabatic calculations of the dissociation cross section of the 5pσ is also displayed (grey curve): it shows that the non-adiabatic couplings shift and spread the resonance. The second mega-resonance around n = 48 is due to the nearby 6pπ v = 7 level.
The v = 6 series, similar to the previous ones, presents many irregularities. In the np1 series, for n = 19-23, a mixing occurs with the 8p1 v = 7 and the 4pπ v = 11 levels and the 33p1 level is mixed with the 8p3 v = 7 one enhancing the P line. The measurements become more and more difficult as the intensities decrease and the density of the lines increases.
From the calculations and from the measurements, we can conclude the systematical observation that the intensities of R(1) lines of a np v Rydberg series are enhanced by the perturbation of a npσ lower Rydberg level and the P(3) lines by the perturbation of a npπ level, respectively, in accordance with the Hund's coupling case d.
V. CONCLUSION
As we did before for the R(0) lines, 5 we calculated systematically by a full ab initio MQDT treatment the energies and intensities of around 500 R(1) lines and 500 P(3) lines corresponding to the np1 and np3 v = 0 to 6 Rydberg series (for n > 7). In these calculations, we assumed that the manifold of the We compared these values with the experimental values of Herzberg and Jungen 6 for the v = 0 to 3 series. Apart from a few number of reassignments needed, the calculated and experimental energies agree within 1 cm −1 or less, showing that our single-configuration approach is adequate for these Rydberg states; the mixings with the 1s-nf states or with the doubly excited 2sσ -np ones are negligible. The earlier analysis 6 was based on a QDT analysis (the npσ -npπ coupling) extended by the vibrational interaction between v = 1 levels. The present treatment includes all the possible couplings between all the levels of 1s, np configuration, i.e., between np and n p, and for all possible values of v. Therefore, it represents a clear improvement in analysing the spectrum and made several reassignments necessary.
We measured the energies and the intensities of nearly 200 R(1) lines and around 70 P(3) lines. All the intensity measurements were done for the first time. Sixty nine R(1) lines belonging to the v = 4 to 6 vibrational series were assigned for the first time, extending the assigned spectrum by more than 4000 cm −1 . For all these lines, the MQDT calculations reproduced their energies and their intensities. We observed that for the series with the highest v measured (v = 6) the agreement between observed and calculated values deteriorates a bit, from 1 cm −1 to 2 or 3 cm −1 . This may be due to the increasing importance of configuration interactions at large internuclear distances.
In order to calculate the H 2 absorption spectrum completely (at low temperature), we need to solve the problem of the low Rydberg levels sensitive to the dissociation. A unified treatment of dissociation and ionization processes in H 2 has already been developed successfully (see Refs. 16 and 38) . Moreover, the B B state is a double-well state: at short internuclear distance, it is the third npσ Rydberg state of the fundamental state X of the ion, and at large distance, it becomes the first 2pσ Rydberg state of the first excited 2sσ state of the ion. In order to reproduce its spectrum above the potential barrier, we need to take into account the doubly excited states of the ion; this problem was solved for the 1 + g states of H 2 in a non-ab initio approach. [39] [40] [41] This study is another step further ahead toward our goal of the full theoretical ab initio analysis of the observed absorption spectrum of H 2 at room temperature up to the H(n = 4 (or 5)) + H(n = 1) dissociation limit.
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